Coi'onary blood flow in the dog has been measured by the nitrous oxide desaturation method before and after acute bilateral cervical vagotomy, intravenous injection of atropine, and chronic sympathectomy. Vagotomy and atropine markedly increased coronary flow, myoeardial oxygen consumption, and heart rate, but decreased left ventricular efficiency. Chronic sympatheetomy resulted in the following smaller but statistically significant changes: a decrease in coronary flow, myoeardial oxygen consumption, and heart rate, but an increase in left ventricular efficiency.
M EASUREMENTS of coronary blood flow in man and in the dog have been made with increasing frequency in recent years, due to the application of the nitrous oxide method. The popularity of the method is based upon the fact that the measurements may be made under comparatively normal circulatory conditions and that the observations may be repeated at suitable intervals. However, a sufficient number of experiments to permit statistical analysis is often necessary. 1 Despite certain disadvantages-the method appears to be the most suitable one for studying the effects of experimental conditions where progressive changes are to be observed.
The experiments reported here were undertaken to study the effects on coronary flow of cardiac denervation by acute bilateral cervical vagotomy, intravenous injection of atropine, and chronic sympathectomy. The effects of these procedures were studied by Essex et al., 3 but their results have been questioned because the measurements were made with a thermostromuhr. As our study progressed it Preliminary reports of this investigation appeared jn Fed. Proe. 15: [7] [8] 1956 and Fed. Proc. 16: 6, 1957 .
Received for publication September 2, 195S. became apparent that the changes in the oxygen content of the arterial blood associated with the nitrous oxide method and the type of anesthetic employed were two important variables. Accordingly, we have evaluated the effects of inhalation of high oxygen-nitrous oxide mixtures and administration of chloralose versus diallylbarbituric acid and urethane anesthetic.
METHODS AND CALCULATIONS
Mongrel dogs weighing 17 to 22 Kg. were anesthetized with either diallylbarbituric acid and urethane pentobarbital or with morphine and chloralose. The nitrous oxide desaturation procedure, essentially as described by Goodale and Hackel 4 was employed. In 25 experiments a commercially available gas mixture of 21 per cent oxygen, and 15 per cent nitrous oxide in nitrogen was used. Due to the comparatively low arterial blood oxygen values obtained with this mixture, succeeding experiments (approximately 100) were performed with a gas mixture containing no nitrogen. This was prepared at the time of each experiment by metering the oxygen and nitrous oxide into a Douglas bag. Unfortunately, this method did not produce a uniform concentration, so that the mixture varied from 15 to 20 per cent nitrous oxide in oxygen. The use of the high oxygen mixture necessitated a preliminary period of 45 to 60 minutes of breathing pure oxygen, in order to obtain complete denitrogenation. Cardiac output was determined by the direct Fick method, mixed venous blood being obtained from a. catheter in the pulmonary artery. Blood pressure was measured *A11 values were obtained with the dog breathing 15 to 20 per cent nitrous oxide in oxygen, except those given in column 10, where the standard mixture 21 per cent of oxygen, 15% nitrous oxide in nitrogen was employed. in the feinorul or iliac artery with a Lilly manometer. Oxygen consumption was determined with a closed circuit spirometer. Blood gases were measured by methods described by Kety." Syinpathectoniy was performed in two steps, the sympathetic chain from the middle cervical ganglion to T VI or T VIF being removed on one side at a time. Measurements of the effect of sympatheetomy were made from three to six weeks after the second step.
FACTORS INFLUENCING CORONARY FLOAY
Atropine sulfate was given intravenously, 0.2 mg./Kg. Coronary flow and related measurements were made before and about 10 minutes after the administration of atropine. Acute bilateral cervical vagotomy was performed and the measurements were made before and shortly after this procedure. In all experiments the animals breathed through a trachea 1 catheter sealed by a rubber cuff.
Cardiac index was calculated by dividing the cardiac output by the surface area, and the latter was estimated bv the formula.' Surface area = body weight (Kg.) 2/3. Coronary vascular resistance was calculated by dividing the mean arterial blood pressure in mm. Hg by the coronary flow in ml./100 6111. left ventricle/min.
Left ventricular weight at autopsy was determined by a. modification of the method of Herman.' Left ventricular efficiency was calculated by dividing the work, expressed as kilogram meters per minute, by the total left ventricular oxygen consumption converted to equivalent kilogram meters per minute. In dogs which were not killed at the end of the experiment, the weight of the left ventricle was estimated by multiplying the body weight by 0.0043, the ratio of weight of the left ventricle to body weight obtained in our series of dogs. Although this value differs slightly from the 0.0049 reported by Goodale,' it was thought to represent more accurately our own experimental group of animals. The error in calculation is constant in experiments in which double runs were done on the same day (atropine and vagotomy). In the chronic sympathectomy experiments in which observations were made several weeks apart, all of the dogs gained weight and showed an apparent increase in myoeardial efficiency in spite of the fact that the weight factor in the denominator of the equation would tend to decrease the value. Since errors in weighing or predicting the weight of the left ventricle cannot be evaluated, and the area drained by the coronary sinus is variable, estimates of efficiency are presented here only to indicate the direction of change.
RESULTS
The results of 119 experiments are summarized in table 1, which consists of the mean values and the standard error (±) of the measured or calculated factors. With the exception of column 10, all of the data were obtained with the dog breathing a gas mixture of 15 to 20 per cent nitrous oxide in oxygen. The data of column 10 were obtained with the standard gas mixture of 21 per cent oxygen, 15 per cent nitrous oxide in nitrogen. Although the nitrous oxide concentrations were not identical in the two mixtures, the blood values for nitrous oxide at the end of the ]5 minute breathing period were sufficiently close to minimize the possibility of this gas, having a specific effect upon the coronary flow. The mean and the range of blood nitrous oxide concentrations at equilibrium, i.e., just before desaturation, were 5.49 and 4.9 to 7.5 per cent when using the standard commercial mixture, and 6.01, and 3.9 to 7.7 per cent when using the high oxygen mixture. Furthermore, an inspection of the variations in blood nitrous oxide concentrations and coronary flow revealed no apparent correlation. The influence of the several procedures with either anesthetic may be noted by comparing the values in the appropriate column. The more conspicuous effects are summarized as follows.
Acute Bilateral Vagotomy (Column 3 with column 8). This procedure increased to a marked degree coronary blood flow, left ventricular oxygen consumption, and heart rate, but decreased coronary resistance and left ventricular efficiency.
Atropine (Columns 1 and 2 with 9 and 8) . The effects of atropine were quite similar to those of vagotomy, with an even greater increase in coronary blood flow. The characteristics of chloralose anesthesia in the normal dog persisted under atropine, i.e., mean blood pressure, resistance, and ventricular efficiency were somewhat higher than with diallylbarbituric acid and urethane, while the heart rate was lower.
Chronic Hympathectom y (Columns 4 and 9, 6 and 8). The most prominent effects of this procedure were reduction of coronary blood flow, left ventricular oxygen consumption, arteriovenous oxygen difference and heart rate. Left ventricular efficiency was increased. These pffects were more marked with chloralose anesthesia, but the number of cases is small.
Variation in Blood Oxygen Content (Columns 9 and 10). The lower arterial and venous oxygen values resulted in a greater coronary blood flow and cardiac index. The arteriovenous oxygen difference and resistance were reduced. Table 2 indicates that the standard nitrous oxide mixture commonly employed gives a relatively low arterial blood oxygen content regardless of the anesthetic which is used.
Chloralose versus Diallylbarbituric Acid and Urethane Anesthesia. Coronary flow and cardiac index were essentially the same but they were maintained with a lower ventricular oxygen consumption, arteriovenous oxygen difference, and heart rate, with chloralose anesthesia. Accordingly, ventricular efficiency was greater. 
FACTORS INFLUENCING CORONARY FLOW

DISCUSSION*
Effects of Vayotomy or Atropine. The increased coronary flow and heart rate associated with the administration of atropine or bilateral cervical vagotomy conform very closely to the results obtained by Essex and co-workers, and thus confirm qualitatively the accuracy of the thermostromuhr as used by these workers. It is important to note that the increased flow is accompanied by a proportionally greater increase in myocardial oxygen consumption so that the efficiency of the left ventricle is decreased. The increased heart rate with atropine was always associated with an increase in the oxygen content of the coronary sinus blood.
Effects of Sympathectomy. The reduction in coronary blood flow but the increase in cardiac efficiency of the chronic sympathectomized animals are in striking contrast to the effects of vagotomy. In both groups the coronary blood flow and oxygen consumption follow the heart rate, and this may be the dominant variable. Although the changes in flow and oxygen consumption are relatively small their p values (table 3) would suggest that the direction of change is indicated correctly. Essex et al. reported no effects from sympatheetomy. It is difficult to say whether this discrepancy is due to the inadequacies of the thermostromuhr or to the fact that our sympatheetomy was more extensive and that our observations were made over a longer period of time postoperatively.
Variation iv Blood Oxygen Content. The low oxygen content of the blood, particularly of the coronary sinus, would indicate that a relative hypoxia was associated with the standard nitrous oxide mixture. The per cent saturation of the hemoglobin for this series was not determined, so that a distinction between the anoxic and anemic types of anoxia cannot be made. "Wide variations in hemoglobin from dog to dog or in the same dog from day to day have been reported. 0 Almost complete saturation of hemoglobin must have been present in the other series, since these animals were breathing pure oxygen followed by a period of breathing 15 to 20 per cent nitrous oxide in oxygen. It is of interest to note that the lower oxygen series showed an increase in cardiac index as well as coronary blood flow and that the percentage change was almost identical in each case.
The significant difference in coronary blood flow when a high oxygen mixture is used justifies the suspicion that mild hypoxia may mask some of the variables determining coronary flow in many of the experimental procedures that have been employed in the past. A linear correlation between the coefficient of oxygen utilization and the arterial oxygen saturation or oxygen content has been reported. 8 Although the interpretation of this relationship might be questioned on statistical grounds, there is no question about the importance of maintaining a high arterial blood oxygen during experimental studies of the factors regulating coronary flow.
Chloralose versus Diallylbarbituric Acid and Vrethane Anesthesia. The average value of coronary flow in the dog appears to depend in part on the type of anesthetic employed. 1 Because the barbiturates are known to depress the vagus, it was decided to compare the effects of diallylbarbituric acid and urethane with chloralose. The latter was chosen because of its well-known ability to maintain or even enhance reflex activity, particularly of the carotid sinus. Although the average flow was the same with the two anesthetics, chloralo.se is preferable in view of the increased efficiency demonstrated in several of the procedures listed in table 1.
The Relation of Arteriovenous Oxygen Difference to Coronary Blood Floiv and to Left Ventricular Oxygen Consumption. In a recent review article, Gregg and Sabiston 9 have emphasized the importance of relating the coronary arteriovenous oxygen difference to coronary blood flow (CBF). They have suggested that the increased flow associated with a decreased A-V 0 2 which is brought about by changes in extra vascular compression or from the effect of substances acting upon the coronary vessels should be called passive or benign dilatation. On the other hand when the increased flow is associated with an increased A-V 0«, as in conditions of stress, the oxygen supply to the heart is relatively expensive and the dilatation may be termed the malignant type.
An examination of the relationship between CBF, A-V 0 2 The p value for the significance of the difference is also listed. It should be noted that only one of the comparisons listed falls in class 2. If an increase in the A-V O 2 value is accepted as evidence of stress on the myocardium, it would appear that acute bilateral cervical vagotomy falls in this category, while the other procedures such as administration of atropine or sympathectomy are situations to which the heart adjusts its blood flow by increasing the coronary flow more than the oxygen consumption, and hence decreases the A-V O 2 . Table 3 also lists the calculated coronary resistance and the percentage change. All of the changes in resistance which are statistically significant show a decrease which may be interpreted as indicative of coronary vasodilatation.
The data reported here emphasize some of the variables which may influence coronary blood flow values when the nitrous oxide method is used. Thej' neither deny nor affirm the suggested vasomotor role of the extrinsic nerve supply to the heart. Of the several variables considered, the heart rate appears to be closely associated with coronary blood flow and myoeardial oxygen consumption. A statistical analysis of these and other factors will be presented elsewhere. 11 
SUMMARY
The removal of cardiac vagal control by either surgical section or intravenous injection of atropine markedly increases coronary blood flow and myocardial oxygen consumption but decreases ventricular efficiency. These responses are closely associated with a great increase in heart rate. Sympathectomy produces changes in the opposite direction, i.e., flow and oxygen consumption are decreased but efficiency is increased. The heart rate is decreased.
The evidence presented indicates that an enriched oxygen-nitrous oxide rebreathing mixture prevents a mild degree of hypoxia which has been present in most of the published experimental data, and that this hypoxia is associated with an increased coronary blood flow. Chloralose anesthetic is preferable to diallylbarbituric acid and urethane, as a greater left ventricular efficiency is observed in the former case. With the variations in experimental procedure reported in this paper an increased coronary flow is usually associated with a decrease in coronary arteriovenous oxygen difference. Only in the ease of acute bilateral vagotomy did the arteriovenous oxygen difference increase with increasing flow. The effect of coronary flow upon coronary arteriovenous oxygen difference can only be stated if the changes in flow are considered in relation to the myocardial oxygen consumption.
SUMMARIO IN INTERLINGUA
Le elimination del governamento vagal super le corde-sia per section ehirurgic, sia per injection intravenose de atropina-augmenta marcatemente le fluxo de sanguine coronari e le consumption myocardial de oxygeno sed reduce le efficacia ventricular. Iste responsas es intimemente associate con un forte augmento del frequentia cardiac. Sympathectomia produce alterationes in le direction contrari: Le fluxo e le consumption de oxygeno es redueite.
Le datos hie presentate indiea que le inricchimento del oxygeno in le mixtura de rerespiration a contento de oxydo nitrose preveni le leve grado de hypoxia que es mentionate in le majoritate del publicationes de datos experimental e, in plus, que ille hypoxia es associate con un augmento del fluxo de san • guine coronari. Anesthesia a chloralosa es preferibile al uso de Dial-L T rethano proque illo resulta in un plus grande efficacia sinistro-ventricular. Es reportate variationes de technica experimental que ha resultate in le observation que un augmentate fluxo coronari es usualmente associate con un reduction del differentia arterio-venose in le oxygeno del sanguine coronari. 11 esseva solmente in le easo de acute vagotomia bilateral que le differentia arterio-venose de oxygeno se augmentava con un augmento del fluxo. Le effecto del fluxo coronari super le differentia arteriovenose del oxygeno in le sanguine eoronari pote esser establite solmente si le alterationes del fluxo es considerate in relation al consumption niyocardial de oxygeno.
